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We demonstrate the detection of coherent electron-nuclear spin oscillations related to the hyperfine
interaction and revealed by the band-to-band photoluminescence (PL) in zero external magnetic
field. On the base of a pump-probe PL experiment we measure, directly in the temporal domain,
the hyperfine constant of an electron coupled to a gallium defect in GaAsN by tracing the dynamical
behavior of the conduction electron spin-dependent recombination to the defect site. The hyperfine
constants and the relative abundance of the nuclei isotopes involved can be determined without the
need of electron spin resonance technique and in the absence of any magnetic field. Information
on the nuclear and electron spin relaxation damping parameters can also be estimated from the
oscillations damping and the long delay behavior.
Electron and nuclear spins of well-isolated point de-
fects in semiconductors are excellent candidates for un-
derstanding fundamental spin-coupling mechanisms or
to model quantum information processing. The cou-
pling through hyperfine interaction (HFI) represents a
key spin mechanism in semiconductor systems: responsi-
ble for creating mixed electron-nuclear spin states, it has
been shown to be useful, e.g., for electron-nuclear spin
transfer, in controlling electron spin coherence time of P
donor sites in Si [1–6] and the nitrogen-vacancy centers
in diamond [7–13]. The HFI is however also responsi-
ble for electron and nuclear spin relaxation and decoher-
ence [14]. Similarly to nitrogen in diamond, on one side,
and to shallow defects in silicon, on the other side, in-
terstitial Ga2+i defects in dilute nitride GaAsN [15, 16]
unite the characteristics of deep and well isolated para-
magnetic centers to an electrically and optically address-
able semiconducting system leading, e.g., to the giant
spin-dependent photocondctivity effect [17–19]. The in-
corporation of nitrogen in (In)GaAs to form (In)GaAsN
alloys gives rise to paramagnetic interstitial centers com-
posed of a Ga2+i atom and a single resident electron [16].
These defect sites are at the origin of a very efficient
spin-dependent recombination of conduction band (CB)
electrons. This has proven, for instance, to be an effec-
tive tool for generating an exceptionally high spin po-
larization (up to ∼100%) of free and bound electrons
in these nonmagnetic dilute nitrides semiconductors at
room temperature [20]. The nuclear spin states of these
defect ensemble has been shown to be accessible via a
measurement of the the circular polarization degree of
band-to-band PL, while the defect nuclear spin polariza-
tion in this model system can be tuned with different
excitation parameters such as pump power, the circular
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FIG. 1. (Color online) Top, symbols: The ratio of the probe
pulse PL intensity under a circularly to linearly polarized
pump pulse R(∆t) measured as a function of the delay time
∆t. The time origin is taken at the arrival of the pump pulse.
The black line is a guide to the eye, while the blue dashed line
is a fit to the data according to Eq. (7). The inset presents the
PL intensities of the circularly polarized probe pulse after a
circularly (blue area) or linearly (yellow area) polarized pump
pulse at two different delay times (a) and (b) indicated by the
arrows in the main graph. Bottom, symbols: The normalized
probe pulse PL intensity after a linearly polarized pump pulse
excitation. The blue dashed line presents the results of the
simulation setting the polarization of the pump pulse to lin-
ear. In both figures the red circles (squares) represent the
data measured with the streak camera (photodiode) set-up.
polarization degree of the incident light and through a
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2weak external magnetic field [21–23].
Optically or electrically detected magnetic resonance
techniques are consistently employed for manipulating
and probing the defect spins through the hyperfine in-
teraction, or again to identify the defect chemical na-
ture and related spin dependent recombination pathways.
Here, we demonstrate the experimental implementation
of a new all-optical detection scheme in zero external
magnetic field based on a PL pump-probe experiment
leading to the measurement, in the temporal domain,
of the hyperfine constant of deep paramagnetic centers
by directly tracing the hyperfine interaction dynamical
features [24]. The hyperfine constants, defect configura-
tion and the relative abundance of the isotopes involved
can be determined without the need of electron spin res-
onance techniques and in the absence of any magnetic
field. Information on the nuclear and electron spin re-
laxation damping parameters can also be estimated from
the oscillations damping and the long temporal delay be-
havior.
The sample under study consists of a 100 nm thick
GaAs1−xNx epilayer (x=0.021) grown by molecular beam
epitaxy on a (001) semi-insulating GaAs substrate and
capped with 10 nm GaAs. The sample has been investi-
gated at 4 K by the optical orientation technique which
relies on the successive transfer of the angular momen-
tum of the exciting photons, using circularly polarized
light, to the photogenerated electrons [25] and finally to
the Ga2+i nuclei. The excitation source is a mode-locked
Ti:Sapphire laser emitting at 850 nm split into pump
and probe pulses of equal intensity and 1.2 ps duration.
Although this configuration differs from a typical pump-
probe experiments as the probe beam modifies on its turn
the system similarly to the pump, this has proven to be
the optimal experimental conditions to measure the HFI
features. The sample is excited by focussing the pump
and probe pulses to the same 50 µm diameter spot. The
two pulses relative delay ∆t is controlled by an optical
delay line and their polarizations independently set by a
system of polarization optics. In order to evidence the
HFI features, we have measured the PL intensity induced
by a circularly polarized probe pulse as a function of (i)
the delay time between pump and probe pulses and (ii)
the helicity of the pump pulse. In the following, we plot
the influence of the pump pulse helicity on the probe
pulse PL intensity IprPL by computing the ratio
R(∆t) =
IprPL(σ
+, σ+,∆t)
IprPL(pi, σ
+,∆t)
, (1)
where the notation (σ+/pi , σ+, ∆t) indicates, in ar-
rival order, the polarization of the pump pulse, probe
pulse and their respective delay. For the measurements
at short delays (∆t <100 ps for which the PL intensities
of the two pulses may partially overlap), the intensity
of the probe pulse has been modulated by a mechani-
cal chopper and the PL intensity of the probe pulse has
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FIG. 2. (Color online) Schematic representation of the para-
magnetic defect nuclear and electron spin oscillations initiated
by the pump circularly polarized pulse. The defect electron
arrows indicate the orientation of the average spin Scz = 〈Sˆcz〉
projections. Top: preparation of the coherent oscillations.
Bottom: illustration of two extreme situations encountered
by the probe beam: in the first situation (probe 1) the ma-
jority of defect electrons have the same spin orientation as
the CB ones, preventing the capture. The PL intensity is en-
hanced. In the second case (probe 2), the majority of defect
electrons and CB electrons have the opposite spin orientation,
favoring capture: the conduction band is now depleted and
the PL intensity is reduced.
been measured with a photodiode connected to a lock-in
amplifier. For greater delays, a S1 photocathode streak
camera coupled to an imaging spectrometer has been em-
ployed. Figure 1 (top, symbols) presents R(∆t) measured
for an excitation power Pexc=4 mW. The trace presents
an oscillating behaviour showing that IprPL can be period-
ically amplified by adjusting the delay time ∆t when the
pump pulse is circularly polarized. For longer delay times
the oscillations lose visibility and a monotonous decrease
of the amplifying effect is observed. Insets in Figure 1
display the recorded IprPL data at two extreme points of
the oscillations where the probe PL intensity is strongly
increased (∆t=250 ps) or only weakly modified (∆t=150
ps). Figure 1, (bottom, symbols) presents the PL inten-
sity of the probe pulse recorded after a linearly polarized
pump pulse. In this case no significant variation of the
PL intensity is measured. Below we will show that the
oscillating and decay features of R(∆t) can be directly
3linked to the coherent oscillations of the electron-gallium
system induced by the hyperfine-interaction.
The principle of the observation is described in terms of
the model depicted in Figure 2 and based on the following
considerations. The HFI hamiltonian HˆHFI = AIˆ · Sˆc
of gallium defects with spin I=3/2 and a singly trapped
electron of spin Sc=1/2 (where A is the hyperfine inter-
action constant) leads to split triplet-quintet eigenstates
at zero magnetic field |J,M〉=∑s,m C 12 , 32 ,Js,m,M |s,m〉, where
C
1
2 ,
3
2 ,J
s,m,M are the Clebsch-Gordan coefficients (m = ± 1/2,
± 3/2, s = ±1/2 are the nuclear and electron spin projec-
tions on the z axis, and M = −J, . . . , J) with total spin
J = 1, 2. Before illumination by the pump pulse, the
eight hyperfine states are statistically equi-populated in
our experimental conditions. The preparation of the de-
fect spin polarisation by the pump pulse proceeds as fol-
lows: A left-handed circularly polarized pumping above
the band gap creates preferentially spin-up conduction
band electrons (holes quickly lose their spin orientation,
and are considered unpolarized [26]). The conduction
band electrons are very rapidly captured by the gallium
interstitial defects (τe . 10 ps) forming a two-electron
spin singlet [16, 27]: The hyperfine coupling is now off.
It follows a fast recombination of one of the two defect
electrons with an unpolarized hole. Due to the photo-
generation of a CB electron spin polarization, the spin
dependent recombination statistically drives the defect
electrons to the same average spin orientation as the con-
duction band electrons [15, 28]. The recombination of one
of the center paired electron with an unpolarized hole is
fast, typically occurring on a time scale τh ∼ 30 ps [15–
17], and the HFI is re-enacted. At the re-establishment
of the HFI the remaining electron spin state is projected
onto the total spin eigenstates |J,M〉, leaving the defect
system in a superposition of states between the J = 1
and J = 2 hyperfine levels as τh · 2A/~1. Second, the
time scale of the recombination ensures as well a rela-
tively constant phase among the ensemble of the defect
centers. At this point, the quantum system periodically
oscillates between the J = 1 and J = 2 states which re-
sults in Scz oscillations between the ±1/2 states. Being
the hyperfine interaction energy 2A ∼15 µeV [29], the
defect preparation time is sizeably shorter than the os-
cillation period T = h/2A ∼ 250 ps. The probe beam
(Figure 2, bottom panel) can now encounter two extreme
situations. In the first case (probe 1) the majority of de-
fect electrons have the same average spin orientation as
the CB ones, preventing the capture. The PL intensity
is enhanced. In the second case (probe 2), the majority
of defect electrons have the opposite average spin orien-
tation than the CB electrons, favoring the capture: the
PL is now reduced as the conduction band is depleted.
In principle this process would result in a partially os-
cillating PL intensity in a spin polarized system with
sufficiently long PL characteristic decay time τPL in a
single pulse experiment. Here, being the PL decay time
shorter than the oscillation period T, a pump-probe PL
technique, employing a second pulse, samples in time the
coherent oscillation of the hyperfine system. It is impor-
tant to note that longer PL decay times τPL (as can be
obtained by higher power excitation in this systems [30])
are here not desirable as this will smear the initialization
of the oscillation leading to faster dephasing. If how-
ever the pump pulse is linearly polarized, no dynamical
polarization can occur and the probe pulse spin depen-
dent recombination will be insensitive to the delay time.
A key feature is that this all-optical approach does not
require any external magnetic field which might mod-
ify the spin relaxation damping parameters. Let us now
turn our attention to the kinetics of photoelectrons ex-
cited by the probe pulse in the conduction band. We
can get a qualitative and analytical understanding of the
oscillating behavior of R(∆t) according to the following
argument. Neglecting the electron spin relaxation, the
CB electron rate equations can be described by
dn+
dt
+ 2cnn+N− + γrn+p = 0 , (2)
dn−
dt
+ 2cnn−N+ + γrn−p = 0 ,
where n±(t) are the densities of the conduction photo-
electrons with spin up (+) and down (−) excited by
the probe pulse arriving with the time delay ∆t, cn is
the constant of the conduction-electron trapping rate by
paramagnetic centers, p is the hole concentration (due
to rapid spin relaxation the holes are unpolarized), γr
is the bimolecular recombination constant, and N± are
the concentrations of single-electron defects with the elec-
tron spin ±1/2 with N+ + N− = N1. Due to the prior
pump pulse N+ and N− are different if the pump is cir-
cularly polarized and coincide for the linearly polarized
pump excitation. Since (i) the electron capture is much
more effective as compared to the interband recombina-
tion and (ii) N± vary slowly within the capture times
(cnN±)−1, the time dependence of n± is described by
npr± exp [−2cnN∓(∆t)t], where npr± are the electron densi-
ties injected by the probe pulse. For a sufficiently weak
photoexcitation the measured ratio (1) is described by
R(∆t)− 1 ∝ (npr+ − npr− ) [N+(∆t)−N−(∆t)] . (3)
For circularly polarized pump pulses the values N±(∆t)
consist of the oscillating and non-oscillating parts
N±(∆t) = N±,0 ± δN
2
cos (Ω∆t) , (4)
where ~Ω = 2A is the hyperfine splitting between the
electron-nuclear spin quintet and triplet with the angular
momenta J = 2 and J = 1, respectively.
The oscillating time behaviour of N±(∆t) can be un-
derstood in terms of the spin-density-matrix approach.
4In equilibrium the spin density of single-electron defects,
ρJ′,M ′;J,M , is diagonal with equally populated sublevels:
ρJ′,M ′;J,M = (N1/8)δJ′JδM ′M . The pump pulse gener-
ates CB photoelectrons with densities npm± which are im-
mediately captured by single-electron defects according
to Eqs. (2) and form the electron pair states with density
N2 = n
pm
+ + n
pm
− . The remaining single-electron defects
acquire spin polarization. Immediately after the pulse,
i.e. at ∆t = 0, one has N±(0) = Nc/2 − npm∓ , where
Nc = N1 +N2 is the total density of the deep paramag-
netic centers. This equation can be rewritten as
N±(0) =
∑
m
ρ± 12 ,m;± 12 ,m(0)
in terms the spin-density matrix ρs′,m′;s,m(0) =
δs′sδm′m
(
Nc/8− npm−s
)
taken in the basis |s,m〉. In the
basis |J,M〉 this equation is rewritten as
N±(0) =
∑
mJ′J
DJ′,J;±1/2,mρJ′,m± 12 ;J,m± 12 (0) , (5)
where
DJ′,J;s,m = C
1
2
3
2J
′
s,m,s+mC
1
2
3
2J
s,m,s+m
and the Clebsch-Gordan coefficients C
1
2
3
2J
smM relate the
standard bases |s,m〉 and |J,M〉. The components
ρJ′,M ;J;M (0) can be readily expressed via Nc, n
pm
+ and
npm− , among them there are those with J
′ = J and
J ′ 6= J . Neglecting the spin relaxation we have
ρJ′,M ;J,M (∆t) = ρJ′,M ;J,M (0)e
−iΩ(J′−J)∆t .
Therefore, the oscillating part of Eq. (4) is contributed
from the off-diagonal spin-matrix components with J ′ 6=
J . A straightforward calculation gives
N+,0 −N−,0 = 3
8
(
npm+ − npm−
)
, δN =
5
8
(
npm+ − npm−
)
.
The last terms in the left-hand sides of Eqs. (2) describe
the radiative recombination and the PL intensity. Re-
taining all the factors we can present Eq. (3) in the final
form
R(∆t)− 1 = α+ β cos (Ω∆t) , (6)
where the coefficients α and β are respectively given
by Pi (N+,0 −N−,0) /Nc and PiδN/Nc with Pi being
the initial degree of the pump-induced spin polarization(
npm+ − npm−
)
/
(
npm+ + n
pm
−
)
. In the presence of two iso-
topes, as is the case for gallium atoms, the cosine func-
tion in Eq. (6) should be replaced by a sum of two cosine
functions with the frequencies Ω1,Ω2 and relative abun-
dances f1, f2. Allowance for the spin relaxation results
in a multiplication of α by exp (−∆t/τsc) and of β by
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FIG. 3. (Color online) Detail of the experimental data for
short delays (circles) superimposed to simple cosine beat pat-
terns (solid lines) at the frequencies of the different interstitial
configurations. The vertical dashed lines indicate the position
of the extrema of the experimental data.
exp (−∆t/T2), where τsc is the bound-electron spin re-
laxation time and T2 is the decoherence time of electron-
nuclear spin oscillation which is affected by both homo-
geneous relaxation processes and inhomogeneous broad-
ening of the hyperfine splitting. Thus the experimentally
determined R(∆t) can be quantitatively compared with
R(∆t)− 1 = αe−∆t/τsc (7)
+ βe−∆t/T2 [f1 cos (Ω1∆t) + f2 cos (Ω2∆t)] ,
where the positive values f1 and f2 are normalized by
the condition f1 + f2 = 1. According to the mecha-
nism described, the circularly polarised probe pulse will
sample the oscillating behaviour of the hyperfine cou-
pling instantaneously and at different delays. We obtain
a modulation of the probe beam PL intensity directly
tracing the hyperfine interaction in the time domain. In
the case of gallium atoms, the two stable isotopes 69Ga
and 71Ga have the relative abundances f1=0.6018 and
f2=0.3982 respectively, and their hyperfine constants dif-
fers by a factor A2/A1=1.27. The hyperfine constant
(Table I [29]) will however depend on the particular de-
fect location which is determined mainly by growth and
annealing conditions. Figure 3 details R(∆t) for short
delays superposed to a simple beating pattern composed
of a sum of simple cosines functions at the frequencies of
the different gallium interstitial locations as reported in
Table 1. The experimental data present a first destruc-
tive interference pattern in the 500 ps to 600 ps range.
This rules out the occurrence of Gai-A and Gai-B as their
higher oscillating frequencies are incompatible with the
experimental observation. Gai-C and Gai-D present very
similar hyperfine constant which causes the beating pat-
tern to dephase slightly. Nevertheless, the experimental
data presented in Figure 3 (top) allow us to unambigu-
ously identify Gai-D as the dominant interstitial config-
5Gai location A B C D
A1 (69Ga) (×10−4 cm−1) 745 1230 620 580
A2 (71Ga) (×10−4 cm−1) 968.5 1562 787.4 736.6
TABLE I. The hyperfine interaction constants for the two nat-
urally stable isotopes of gallium in the four different intersti-
tial configurations occurring in dilute nitrides (In)GaAsN [29].
uration.
The dashed line in Figure 1 (top) represents a fit to the
data using Eq. (7), the hyperfine constants of gallium
D interstitial defects and setting the pump pulse polar-
ization to circular. The best results are obtained with
τsc=1700 ps, T2=350 ps. This proves that a precise de-
termination of the defect nature and configuration can be
obtained by this PL pump and probe scheme. The mech-
anisms responsible for the coherence loss can be multiple.
First of all, the measurement maps the coherent oscilla-
tions of the ensemble of Ga centers present under the
excitation spot whose intensity strongly varies from the
excitation spot center to the edge. Second, the HFI sam-
pling cannot be considered as strictly instantaneous but
averaged over the CB electron lifetime τPL, allowing us
only to infer a minimum limit for the coherence time de-
cay. Third, the stochastic nature of the the trapping and
recombination can also be ascribed as a possible source
of coherence loss. Finally, there might be some inhomo-
geneities from center to center resulting in slight fluctu-
ations of the hyperfine coupling constant. The dotted
line in Figure 1 (bottom) reports the results of the sim-
ulation setting the first pulse polarization to linear. As
expected from the previous discussion, N+ and N− are
now identical and no oscillations are observed.
In conclusion, we have demonstrated a possibility of
measuring the electron-nuclear spin oscillations related to
the hyperfine interaction in dilute nitride semiconductor
paramagnetic centers by monitoring the band to band PL
in the absence of any magnetic field. The hyperfine con-
stants and the relative abundances of the nuclei involved
can be unambiguously determined without the need of
electron spin resonance techniques. Information on the
nuclear and electron spin relaxation damping parameters
of the paramagnetic center can also be estimated from the
oscillations damping and the long time delay behavior.
This zero magnetic field detection scheme based solely
on the spin dependent recombination should be applica-
ble to other materials besides GaAsN, like 2D crystals
as, for instance, paramagnetic centers in h-BN [31].
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